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Magnetism in Lag_,Sr,CugO,: A hybrid system with localized one-dimensional Cu-O chains
and an itinerant three-dimensional Cu-O network
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The oxygen deficient perovskite §a Sr,CugO,, is unique in that the system can be viewed as a hybrid of
parallel one-dimensional chains with localiz8¢ 1/2 spins and surrounding three-dimensional Cu-O network
with itinerant electrons. Foxr<2.1, two successive phase transitions are observed, where complicated anoma-
lies appear in magnetic and transport properties. We discuss the roles of these two subsystems in the compli-
cated magnetism of the present compoUig0163-18289)50746-7

Complex copper oxides crystallize in a variety of modi- This oxygen deficient perovskite is therefore very unique in
fied perovskite structures. This structural variety gives rise tdhat a hybrid of the 1D5=1/2 Heisenberg chains and the
surprisingly rich physical properties, which has been providdtinerant 3D Cu-O network is realized.
ing fresh fuel to the field of condensed-matter physics. High-  Since thed,2_,2 orbitals of neighboring square and pyra-
T. superconductivity is realized in layered cuprates withmidal sites are orthogonal to each other, the spin chains and
two-dimensional Cu@ planes. One-dimensiondllD) cu-  the itinerant electron system are only weakly couglethw-
prates with Cu-O chains such as,Gu0; and SrCuQ@ form  €Vver, this weak coupling may potentially have a substantial

ideal 1D S=1/2 Heisenberg antiferromagnets and give usinfluence, because 1D spin Heisenberg chains are highly sen-

unique opportunities to examine quantum spin liquid sthtes Sitive to small perturbations. Interplay between the localized

Stimulated by theoretical propos&lspin ladder compounds morr;;antts on th?_ chains ‘?r?d tfhe cgnducnorl (ejlelctr;)hns an(tj
have been explored extensively and superconductivity wagsultant magnetism may theretore be expected. In the past,
achieved in (Sr,Ca)ClpsOay,? though the connection be- magnetic and transport anomalies were reportedxfef.5

. samples, but details have not been explored yet, partly be-
tween the theoretical proposals and the observed supercogéusr:a of the lack of homogeneousp singI)(/e crpysta>llline
ductivity is not yet evident.

o ) samples. We therefore have grown a series of single crystals
The oxygen deficient perovskite 48StCuOzp has o 5 g Cuyy0,, with well-controlled Sr contents and in-
been known to be metallic but not supercqnducﬁnTﬁe vestigated their transport and magnetic properties. We ob-
crystal structure of L@ ,SrCugOyo, determined by Er-  served a presence of two distinct magnetic metallic phases at
Rakhoet al,’ is shown in Fig. 1. The symmetry is tetrago- |ow temperatures and found systematic suppression of the
nal, with the lattice constant=10.840 A anct,=3.861 A transitions into these phases with increasirfigom 1.5. We
for x=1.60%7 The essential difference from the original per- discuss that the complicated magnetism very likely origi-
ovskite structure is the presence of ordered oxygen vacancies
running parallel to the axis, which gives rise to arrays of
Cu-O units of CuQ@ planar squares, CuOpyramids, and
CuQ; octahedra. In view of the oxygen coordination number,
it is highly likely that carriers are mainly doped into the
octahedral and the pyramidal sites, rather than the square
sites. Using bond valence sum calculatfoformal Cu va-
lences forx=1.6 are indeed estimated to be2.4, +2.5,
and +2.1 for the octahedral, the pyramidal, and the square
sites, respectively. The Cy@ctahedra are only slightly dis-
torted and a substantial admixture of the Cidg3_,2 char-
acter at the Fermi level is expected. This will help to estab-
lish a sizeable coupling between the octahedral and the f‘
C
b

pyramidal sites, leading to a three-dimensiofg) charac-

ter of doped holes predominantly spreading over the octahe-
dra and the pyramids. On the other hand, the square sites
with substantially fewer number of holes than the other two FIG. 1. Perspective view of the crystal structure of
sites would be insulating and can be viewed &s1/2  Lag_,Sr,CuyO,. The spheres depict La or Sr atoms, and the poly-
Heisenberg chains with a large antiferromagnetic intrachaimedra depict Cu and surrounding O atoms. The dashed lines show
couplingJ as usually found in corner-sharing Cu-O chains. the unit cell. The atomic positions are taken from Ref. 6.
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nates from coexistence of and interplay between the local- 120 | E—— y T T 1200
ized 1D chain spins and the 3D itinerant electrons. 100 1000
Single crystals of Lg ,Sr,CusO,, in a range of : :
x=1.50-2.24 were successfully grown by the traveling- _ 8o : 800
solvent floating-zond TSF2) method'® This compound is g ; :
reported to melt incongruentl}.We therefore used nonsto- & 60 : I N
ichiometric solvent with an empirically determined cation <« 44l 4 400
ratio of La:Sr:Cu=1—x/8:x/8:3. The growth was performed : L Lag,S8nCug0s,
in oxygen under a pressure of 0.2—0.4 MPa, with a growth 20 Te! T, x=1.60 - 200
rate of 0.5 mm/h. Thus obtained crystals had a cylindrical 0 y | , |
shape with typical dimensions of 4 mghx 50 mm and & 0.0 oo P T 0
axis parallel to the rod axigOn the cylinder, four facets are o5k ® un:FM | #1001] -
sometimes observed, reflecting tetragonal symmetiye Sr o o ! H//[110]
contentx of the crystals was determined by the inductively oS 40 e . N |
coupled plasma atomic emission spectroscO@P-AES. «C * e : : e
Two sets of rectangular-shaped samples With0] and[001] S sk e i
along the longest dimension were cut from the crystal rods 2 P ,. i/[110]
for anisotropic transport measurements. Resistivity was mea- = 5 gkgs® el e | H/ o1l
sured using a conventional four-terminal method. Magneti- H | H=3Tesla
zation was measured using a superconducting quantum inter- ~ -2.5 I b | |
ference devicéSQUID) magnetometer in magnetic fields up 15 i |
toH=5T. o [ O e, | H=1Tesla
The transport and the magnetic properties of the single 2 10k o i
crystals with a representative compositioa 1.60 are sum- 2
marized in Fig. 2. The top panel demonstrates the & ! ! H//[110] |
temperature-dependent resistivities with current parallel to £ oA P00 SRS
the chain ([001]) and perpendicular to the chaif[ (10]), e 5 : : ]
proo; @nd pa10p- As is evident from the figure, botbyooy; 2 d
and py11) are metallic down toT=2 K with a moderate oy | . H”|[°°1]
anisotropy ratio  pi1op/ Prooy~8-9. Therefore, 00 50 100 150 200 250 300

Lag_,Sr,CugO,y can be classified as an anisotropic 3D
metal, revealing a presence of 3D network with itinerant
eIectrqns very likely originating from. the 'oct.ahe.dral and the FIG. 2. Temperature dependences of the anisotr@piesistiv-
pyramidal sites. Two clear anomalies, indicative of phase b) Hall coefficient R, and (¢) magnetizationM of
transitions, are observed at=145 K (T;;) and 85 K (T,), ty p, (B Ha _ " Mg

. : . . c ¢ Lag_,SrCugO,, (X=1.60). The dashed lines represent the mag-
which can be seen as kanSMT) in the top panel_ of Fig. 2. netic transition temperaturél,; and T, determined by the mag-
At T=T,, the anomaly is more pronounced ifoo1(T)  netization measurements. A part wherés affected by supercon-
than in p110)(T), whereas, all =Te,, it is significant only  qguctivity in La,_ Sr,Cu0, is not shown.
for pr11g)(T). No noticeable hysteresis as a function of tem-
perature was observed at these two transitions. A preliminary muon spin relaxationi/{SR) experiment in-

These two transitions manifest themselves in distinctlydeed indicates a presence of ordered moments in the whole
different ways in the Hall effect. The second panel of Fig. 2temperature range below=T,, including the range below
demonstrates the temperature dependence of the anisotroffie- T.,.12 The temperature-dependent magnetizations with
Hall coefficientRy (116 @and Ry [0o1) for x=1.60, with mag-  H|[001] and[110] atH=1 T, M[go1; andMy;;, are pre-
netic field applied parallel t¢110] and [001] and current sented in the bottom panel of Fig. Mgy is almost
parallel to[001] and[110], respectively. The sign was found temperature-independent abovie=T.;. With decreasing
to be negative for botRy (110 andRy (0017, Which contrasts  temperature, it shows an abrupt increas@& afT.; and then
with that of the high¥, layered cuprates with a similar hole shows an abrupt decreaseTat T,. As shown in the inset of
concentration. We observe a drastic changergfonly at  Fig. 3, in the temperature range betwebs T, and Ty,
Teo~85 K. BelowT=T¢y, Ry 1110) @NdRy [ooy; first show a M qqq; is nonlinear inH with small hysteresis, revealing an
rapid decrease and increase, respectively, and then satura&estence of weak ferromagnetic spontaneous moments. The
eventually at theT=0 limit. Any appreciable anomalies size of the moments is estimated to b0 emu/mole f.u.
were not observed al;~145 K for both Ry 11 and  from linear extrapolation of the data at high fields, which is
Ry 10017- These contrasted behaviorsRy at the two tran-  about 3 orders of magnitude smaller than those expected for
sitions suggest that, while the transition B&T,; mainly  Cu?" spins withS=1/2 andg=2. In the temperature range
originates from a change in the scattering channel, the trarbelow T=Tc,, Mgy is linear inH. In contrast,M;,q is
sition atT=T,, is associated with a drastic reconstruction ofvery weakly temperature dependent and shows kinks at the
the Fermi surface. two transitions. We found tha#l;,; is alwaysH linear at

Pronounced and anisotropic anomalies in the magnetizany temperatures, in contrast willjoo;;. These results in-
tion are observed both &t=T.; and T.,, indicating that dicate that the metallic single crystals with=1.60 experi-
these transitions are accompanied with magnetic orderingence two successive magnetic transitions, first from a para-
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FIG. 3. Temperature dependence of anisotropic magnetization 16 18 2.0 22
M of Lag_,Sr,CusO,q With various Sr contents. The parts whéde Sr content x
is affected by superconductivity in La,Sr,CuQ, in some samples
are not shown. The inset: magnetizatibho,,; as a function of a FIG. 4. Phase diagram of pa,Sr,CusO,q, determined by the

magnetic fieldH for x=1.56 at two representative temperatures. anomalies in magnetization, resistivity, and Hall coefficiehy;
and T, denote magnetic transition temperatures. PM, WFM, and

magnet(PM) to a weak ferromagnéiWFM) at T=T.; and  AFM denote a paramagnetic metallic, a weakly ferromagnetic me-
then from the WFM to an antiferromagnédFM) at T tallic, and an antiferromagnetic metallic phase, respectively. The
=Teo. dashed lines are guides to the eye.

These two magnetic phase transitions at low temperatures
are suppressed by increasing Sr content and eventually dig=M and the WFM phases indicate that the appreciable re-
appear. In Fig. 3, the temperature-dependent magnetizatiomenstruction of the Fermi surface occurs only in the former.
for the single crystals with various Sr contents are shown. A§ herefore, to understand these two successive phase transi-
clearly seen from the figure, two magnetic transition tem-tions as a function of temperature and doping level, it is
peratures, represented by an abrupt increase and decreasatural to invoke explicitly the presence of two subsystems
show systematic decrease with increasing Sr content frorexpected from the unique crystal structure, namely highly
x=1.5, and eventually disappear. Aboxe 2.1, the magne- localized 1D Heisenberg chains and 3D networks of Cu-O
tization is almost temperature independent and shows noctahedra and pyramids with itinerant holes. Almost
trace of anomaly, indicating that a paramagnetic ground stat&independent magnetic susceptibility in the PM phase does
is finally realized. The doping dependence can be visuallyot contradict the presence of the chain with localized spins,
summarized as a phase diagram in Fig. 4, which shows thgince the 1D Heisenberg antiferromagnet shows a weakly
transition temperatures obtained from the magnetizatioM-dependent susceptibility below~J (presumably~2000
(shown in Fig. 3 together with those obtained from the re- K). In this context, we propose the following scenario for the
sistivity and the Hall effect. The transition temperatures areobserved phase transitions. In the AFM phase, the Fermi
defined as the kink temperatures for the resistivity and theurface, with the predominant character of the Cu-O octahe-
Hall effect and the temperatures whevkgg;; begins to in-  dra and pyramids, experiences spin density WSRW) for-
crease or decrease. The data are plotted in Fig. 4, only whenation and therefore is partially gapped, which gives rise to
the transition is well defined. Although there exists a certairthe drastic change of the Hall effect. It may be informative to
ambiguity in defining the transition temperatures, all theinfer that our preliminary neutron-diffraction study revealed
transition temperatures obtained from different sources agrean appearance of incommensurate peaks only in the AFM
reasonably, confirming all the observed anomalies comphase-® which may arise from the Fermi surface nesting. In
monly originate from the two phase transitions. In the phase&ontrast, in the WFM phase, the highly localized 1D Heisen-
diagram,T, decreases rapidly with hole doping, suggestiveberg chains play a dominant role in the magnetic ordering
of instability of the AFM phase. It is noticeable from the and the conduction electrons experience only a modest
phase diagram that, as a function of doping level, the groundhange. It is natural that the 1D antiferromagnetic Heisen-
state changes from the AFM metal to the WFM metakat berg chains with a finite interchain coupling order antiferro-
~1.7 and then to the PM metal at 2.1 and that there exist magnetically. With increasing, it is likely that carriers are
two magnetic critical points. The details of the critical be- finally doped into the 1D chains and the chains become itin-
havior will be discussed in the next paper. erant, which results in the suppressionigf. The condition

The contrasted behaviors of the Hall effect between thef the Fermi surface nesting in the 3D itinerant electron sys-
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tem would be sensitive to the hole concentration, which mayransport properties of lga,SrCugO,y (x=1.50-2.24

be related to the rapid suppressionT@h. single crystals. We found two sets of anomaliesXe¥2.1,
Weak but finite coupling between the 1D chain spins andvhich correspond to successive magnetic transitions into

the 3D electrons, which may affect the magnetism of theveakly ferromagnetic metallic and antiferromagnetic metal-

system seriously, is expected for the present system. In com€ phases. A significant feature in the weakly ferromagnetic

ventional quasi-1D Heisenberg antiferromagnets such aghase s an emergence of weak ferromagnetic moments,

SE.CUO.. interchain counling. necessary for magnetic Order_whereas that in the antiferromagnetic one is an anisotropic
> 03 piing, yio gn change of transport properties such as Hall effect, suggesting
ing, originates from weak superexchange interaction. In con

k i R o a drastic reconstruction of the Fermi surface. The transitions
trast, interchain coupling in the present system originategyio these magnetic phases are suppressed with increasing
partly from mediation by the 3D itinerant electron system in\we propose that these complicated magnetic transitions
addition to the conventional weak superexchange interactiorpriginate from a unique structural aspect of this oxygen de-
If the former interchain interaction with a dynamic characterficient perovskite, namely, a hybrid of parallel 1D Heisen-
is dominant, the coherence and dynamics of magnetic ordeberg chains with localize®=1/2 spins and a surrounding
ing along the inter- and the intrachain directions are expectedD Cu-O network with a substantial number of itinerant
to be very anisotropic or substantially different. This uniqueh0|es-
coupling between the 1D spins and the 3D electrons may
also be related to the anomalous weakly ferromagnetic mo- We are grateful to K. Yamaiji, G. Aeppli, K. M. Kojima,
ments, which appear only in the WFM phase, but not in theT. Yanagisawa, Y. Shimoi, and T. Takimoto for stimulating
AFM phase. discussions, and to M. Tokumoto for support of magnetiza-
In summary, we show a systematic study on magnetic andon measurements.
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